Scientific heading: Clinical observations, interventions, and therapeutic trials 
Conventional therapies for primary chronic cold agglutinin disease (CAD) are
ineffective, but remissions after treatment with the anti-CD20 antibody rituximab have been described in a small, prospective trial and some case reports. In this study we report on 37 courses of rituximab administered prospectively to 27 patients. 
Introduction
Chronic cold agglutinin disease (CAD) is an uncommon autoimmune hemolytic anemia (AIHA) mediated by cold-reactive autoantibodies that bind to erythrocyte carbohydrate antigens, causing hemagglutination and complement-mediated hemolysis. CAD not associated with lymphoma or other diseases has traditionally been classified as "primary" or "idiopathic". However, it has been shown that this condition represents a lymphoproliferative disorder of the bone marrow, characterized by clonal proliferation of CD20 + , + B-cells that produce monoclonal IgM cold agglutinin [1] [2] [3] . Often, the histological features are those of lymphoplasmacytic lymphoma 1, 4 . Trisomy of the q arm of chromosome 3 has been shown in some cases 5 .
The traditional classification of this disease as primary can therefore be questioned. In typical secondary CAD, however, the lymphoproliferative disorder is usually easily recognized as an aggressive lymphoma, and the monoclonal immunoglobulin tends to be of the IgM rather than type 6, 7 . In this work, we continued to apply the term primary CAD in patients not showing the typical criteria of the secondary type.
Many conventional treatment modalities used in other AIHA or indolent lymphomas, such as corticosteroids, alkylating agents, splenectomy, interferon-(IFN) monotherapy, and purine analogues, have failed to demonstrate a convincing effect in primary CAD 1, [8] [9] [10] [11] .
However, favorable responses to the chimeric human-murine, monoclonal anti-CD20 antibody rituximab have been described in a small, prospective study 4 and some case reports [12] [13] [14] [15] [16] [17] .
Complement dependant cytotoxicity (CDC) is probably one of the mechanisms of action of rituximab and has been proposed by some authors as the most important mechanism 18, 19 . Low C3 and very low C4 complement levels observed in most CAD patients
For personal use only. on January 27, 2018. by guest www.bloodjournal.org From may therefore theoretically restrict the efficacy of rituximab therapy 3, 20, 21 . However, C4 levels may be increased by the administration of IFN 22 , and this cytokine may also upregulate CD20 expression 23, 24 . Furthermore, a synergistic antineoplastic effect of rituximab and IFN has been demonstrated in some lymphomas 25 .
The purpose of this study was to further investigate the therapeutic efficacy of rituximab in CAD and evaluate the effect of adding interferon-in patients not responding to rituximab as a single agent.
Most reports on therapy for CAD do not state any well-defined response criteria 26 , and results may be confounded by seasonal variations 27 or acute phase reactions 20, 21 . In this work, therefore, we used previously published response definitions based on improvement of hemolytic anemia, serum paraprotein levels, and bone marrow disorder 4, 11 . We have also included in this report 6 patients who had been treated with rituximab in our previously published, prospective trial 4 , using the same inclusion and exclusion criteria, infusion schedule, and response definitions.
Patients and methods

Study design
For personal use only. on January 27, 2018. by guest www.bloodjournal.org From Before inclusion, all patients underwent clinical examination, chest radiograph, and abdominal ultrasonography. Hematological, immunological, and biochemical blood and serum parameters were recorded. Flowcytometric immunophenotyping of blood and bone marrow was performed as described previously 1, 3 . Bone marrow biopsies were examined by an experienced lymphoma pathologist (R.L.) and classified according to the World Health Organization (WHO) classification 28 .
Inclusion and exclusion criteria
To be eligible for the study, patients were required to have CAD, as defined by the Patients with secondary CAD were not eligible. Patients were also excluded if they had blood lymphocyte count of more than 50 x10 9 /L, non-lymphatic malignant disease, contra-indications to rituximab therapy, any severe disease other than CAD, or were unable to co-operate.
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Therapy
Eligible patients received rituximab as described previously 30, 31 The patients were assessed monthly for 6 months, and blood samples were collected at each visit. Cold-induced circulatory symptoms were assessed using a 0-2 scale (0 indicates no improvement; 2, complete resolution of clinical symptoms). Adverse effects related to rituximab or IFN were recorded. Assessments of bone marrow histology and flow cytometry were done after 3 and 6 months.
Response criteria
The criteria for complete response (CR) were absence of anemia, no signs of hemolysis, disappearance of clinical symptoms of CAD, undetectable monoclonal serum protein, and no signs of clonal lymphoproliferation as assessed by bone marrow histology, immunohistochemistry and flow cytometry. Partial response (PR) was defined as a stable increase in hemoglobin levels (Hgb) of at least 2.0 g/dL or to the normal range, combined with a reduction of serum IgM concentrations by at least 50% of the initial level or to the normal range, improvement of clinical symptoms, and transfusion independence. Patients were classified as non-responders (NR) if they failed to achieve CR or PR.
For personal use only. on January 27, 2018. by guest www.bloodjournal.org From Time to response was defined as the time from the first rituximab infusion to the achievement of any degree of response. Relapse was defined by Hgb below 10.0 g/dL or a decrease in Hgb by at least 2.0 g/dL from the highest level achieved after therapy, and/or need for re-treatment.
Statistics
correction was used for significance testing of differences between frequencies in cross tables.
For continuous variables, differences between groups were tested with Mann-Whitney test.
Results
Baseline characteristics
A total of 37 courses of rituximab were administered to 27 patients, 9 men and 18 women, with a mean age of 71 years (range 51-91). Prior to their first course of anti-CD20 therapy, 12 patients were previously untreated, 10 had received one, and 5 had received 2 or more other treatment modalities (corticosteroids, alkylating agents, purine analogues, and/or splenectomy). Additional baseline data are provided in Table 1 Reactive lymphocytic infiltration / no clonal lymphoproliferative disorder 2
Total 27
Response to rituximab first-line therapy and re-treatment 
Overall response data
The overall response data are shown in Table 3 . Altogether, responses were achieved after 20 out of 37 courses of rituximab therapy. We observed 1 CR and 19 PR. Median time to response was 1.5 months (mean 1.7, range 0.5-4.0). with a monoclonal band. Thus, both of these patients met the criteria for PR.
Response duration was calculated in 17 responders who have been observed until relapse or for more than 12 months after they achieved response. The median observed response duration was 11 months (mean 13, range 2-42). All responders observed for more than 12 months have relapsed except one, who is still in PR after 28 months. The only patient who achieved a CR retained the remission for 42 months.
Clinical-hematological response compared to other parameters
There was complete or partial histological regression of the bone marrow findings following 12 courses of rituximab, and no or uncertain histological response after 11. In the remaining 14 cases, such assessment was not relevant, not done, or unsuccessful. Table 4 shows the frequencies of histological regression in relation to clinical-hematological response. For personal use only. on January 27, 2018. by guest www.bloodjournal.org From Two non-responders, 76 and 89 years old, who were treated with single agent rituximab, died from unrelated diseases after 12 and 4 months, respectively. The other patients are alive at 3-43 months after therapy.
Discussion
In this work we extended our experience with rituximab therapy for primary CAD to 37 courses in 27 patients. Six patients previously reported by us 4 were included in this study in an appropriate way, since the inclusion and exclusion criteria and response definitions were identical in the two trials.
The results confirm our previous findings that rituximab is effective in primary CAD 4 .
The response rates were 52% following rituximab single agent therapy in 27 patients who had not previously received rituximab, and 60% after 10 courses of re-treatment with or without the addition of IFN. In both groups combined, 20 responses were achieved following 37 courses, giving an overall response rate of 54%. The hemoglobin data may indicate a benefit even in some patients classified as non-responders.
The response rates are similar to those reported in follicular lymphoma and other indolent CD20 + B-cell lymphomas 25, [30] [31] [32] . The observed response duration (median 11, mean 13 months) is also similar to that observed after rituximab therapy for follicular lymphoma 31 .
Re-treatment at relapse is feasible, and the response rate following re-treatment is in the same order of magnitude as the overall response rate. Furthermore, 2 PR were achieved following rituximab therapy for a second relapse.
Except for our previous study of 6 patients 4 , all original publications on rituximab therapy in CAD are case reports or retrospective observations of a few patients [12] [13] [14] [15] [16] 26 .
According to review articles 17, 26 , a total of 23 cases have been published and responses observed in 21, both non-responders being reported in the only prospective study 4 . A high proportion of the responses described in case reports have been classified by the authors as "complete", without using well-defined response criteria 26 . Our data are not in accordance with the combin ed results from the case reports. The discrepancy can easily be explained, since response rates estimated from case reports are very likely to be influenced by publication bias, lack of strict disease definitions, and heterogeneous response criteria.
Rituximab therapy was well tolerated, apparently better than in patients treated for other B-cell lymphomas 31, 32 . This finding is not unexpected, since the tumor burden is low in patients with primary CAD 1 .
It was our intention to evaluate whether combining rituximab with IFN could improve efficacy, but patient and/or physician acceptability resulted in only 5 patients receiving the combination therapy. This small number makes us unable to put forward any firm statements on this issue. It may be interesting however, that one patient who had not responded to single agent rituximab, achieved a PR following second-line therapy with rituximab plus IFN. The 2 PR in 3 relapsed patients treated with rituximab plus IFN do not allow any conclusion to be drawn, since the response rate observed after rituximab single agent therapy for relapse was 63%.
In most cases in our series, a clinical response was accompanied by a histological response. However, we observed patients achieving PR without a significant histological regression of the bone marrow disorder, and in other patients we found a significant improvement of bone marrow histology without any clinical improvement. Furthermore, we observed a near complete elimination of CD20 + cells from bone marrow aspirates following most courses of rituximab in both responders and non-responders. In the majority of cases this effect was not caused by blocking of the receptor, since such blocking should result in CD19/20 discrepancy. The histological and flowcytometric findings therefore suggest that some other mechanism than elimination of clonal CD20 + cells may be partly responsible for the therapeutic effect of rituximab in CAD.
Responses could not be predicted from the baseline levels of Hgb, IgM, C3, C4, or from the / -ratio or percentage of CD20 + cells in the bone marrow.
In conclusion, this prospective study documents the favorable effect of rituximab in primary CAD. Further studies should be undertaken in order to understand the characteristics of the non-responders and be able to propose therapies for this subgroup. The potential for increasing the response duration should also be investigated.
